The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
ILLUSTRATIONS

INTRODUCTION
The U.S. Geological Survey's (USGS) National Water-Quality Assessment (NAWQA) Program is designed to determine the occurrence and distribution of water-quality characteristics in ground water and surface water (Gilliom and others, 1995) . Studies began in 1991 in the Lower Susquehanna River Basin study unit, hereafter termed the study unit. The occurrence and distribution of bacteria in ground water are important water-quality issues in the study unit.
Ground water is an important source of household supply in the study unit. Private water-supply information from the U.S. Bureau of the Census (1990) for counties in the study unit shows a total of nearly 1,600,000 households, of which about 500,000 depend on ground water from private wells for their drinking water supply (table 1) . Approximately 400,000 households are in Pennsylvania; the others are in Maryland. Because only parts of some counties are within the basin, these numbers overrepresent the number of households and private wells in the basin (table 1) . To estimate the number of households and private wells, the number in each county was multiplied by the fraction of each county in the basin. Using this estimation, about 800,000 households and approximately 300,000 private wells are in the basin. Therefore, approximately 38 percent of the households in the study unit depend on ground water from private wells for water supply. This report describes and explains the bacteriological quality of raw water from private wells used for household water supplies in the Lower Susquehanna River Basin study unit. The results are based on samples collected by the NAWQA Program in 1993-95 from 146 wells in 17 counties in Pennsylvania and 2 counties in Maryland. Ground-water samples were analyzed for concentrations of total coliform, fecal coliform, Escherichia co// (£. co//), and fecal streptococcus.
Bacteria and Potability of Ground Water
Bacterial, viral, and protozoan pathogens are among the most dangerous contaminants in drinking water. About 50 percent of the waterborne disease outbreaks in this country since the early 1900's were caused by contaminated ground water that was untreated or inadequately treated. Most outbreaks were caused by pathogenic (disease-causing) microorganisms (Yates and Yates, 1993) .
Water sources that are free from disease-causing impurities and other harmful substances are said to be potable water sources. Potable water is water fit for human consumption. Public water supplies that have passed State potability standards must not have impurities in amounts above maximum contaminant concentrations that have been set by the State or the U.S. Environmental Protection Agency (USEPA). Each State has its own criteria defining the potability of water.
Bacterial potability of water is determined by testing for indicator organisms. Indicator organisms are bacteria whose presence in drinking water indicates that pathogens may be present (Gabler and others, 1988) . Indicator organisms are easier to detect and test for than the pathogens themselves; therefore, analysis for the presence of indicator organisms is the method of choice in testing for potable water supplies. The indicator bacteria were the coliform bacteria group and the streptococcal bacteria group. The presence of £. co// in ground water indicates that the contamination of the water supply is fecal in origin. £. co// originates in the feces and intestines of warm-blooded animals (Bordner and others, 1978; American Public Health Association and others, 1992) . Sources of fecal-indicator bacteria include septic system failure or improper septic system construction or design, feedlot or field runoff, manure application on fields, and application of municipal sludge. The presence of total coliform, fecal coliform, or fecal streptococcus indicates that the contamination of the water supply is fecal in origin, but these bacteria types do not exist solely in the feces of warm-blooded animals. Total coliform, fecal streptococcus, and, to some extent, fecal coliform also are present in some soils, for example.
A common misconception is that untreated ground water is generally safe for consumptive use and that most contaminants are removed as the water filters down through the soil. The soil does act as a natural filter for water percolating down through the ground, but this does not guarantee that ground-water supplies cannot become contaminated. Ground-water supplies are subject to bacterial contamination. Water from wells used for potable supply should be routinely tested to ensure that contamination has not occurred.
Regulations for Private Wells in Pennsylvania and Maryland
Water samples were collected from wells in Pennsylvania and Maryland. With the exception of regulations in selected counties with health departments, no public health regulations exist for the permitting and inspection of private wells in most of Pennsylvania (Michael E. Moore, Pennsylvania Department of Conservation and Natural Resources, oral commun., 1995) . In the study unit, wells in Chester County, Pa., and in Maryland are permitted and inspected by county health departments. The differences in the drilling of wells for private water supplies in the two states are described below. The significance of these differences on the bacteriological quality of the water samples collected could not be evaluated because only four samples were collected in Chester County, Pa., and six samples were collected in Maryland.
Pennsylvania currently has no statewide well-construction regulations. Well drillers are required by law (Act 610) to obtain certification through the Pennsylvania Department of Conservation and Natural Resources, Bureau of Topographic and Geologic Survey (Commonwealth of Pennsylvania, 1976) . The certifying state agency does not have the authority to regulate well-construction practices. In Chester County, Pa., the health department requires permit applications for installation of wells to be filed by a Chester County licensed well contractor. An approval to use water from the permitted well is issued only after submission of properly completed forms and reports. A report on water quality is required and must certify that the water meets numerous standards including a total coliform concentration of less than one colony per 100 ml (Ralph DeFazio, Chester County Health Department, oral commun., 1996) . The requirements for Chester County are atypical, and the vast majority of wells in the Lower Susquehanna River Basin of Pennsylvania are sited and drilled with no regulatory oversight. (COMAR 26.04.04.07) , and wellabandonment standards is a prerequisite for approval of the well as a potable water source. Disinfection procedures must be followed upon completion of the well (COMAR 26.04.04.07 .N(5)), and a certificate of potability must be obtained (COMAR 26.04.04.09) . Wells are inspected for physical defects, and maximum contaminant concentrations have been set for bacteriological and chemical constituents (COMAR 26.04.01) . The maximum contaminant concentration for total coliform is zero colonies per 100 ml (Woody Williams, Harford County Health Department, oral commun., 1995) . In other words, total coliforms must not be detected in the water sample collected from the well for a certificate of potability to be issued.
NATIONAL WATER-QUALITY ASSESSMENT PROGRAM Previous Investigations
Previous studies attempting to quantify the bacteriological quality of ground water have been conducted on private individual water supplies. Three studies of private well water supplies are summarized here: one in Pennsylvania; one in Ohio; and one national study.
A study was conducted by The Pennsylvania State University (Sharpe and others, 1985) in which ground-water-quality data were collected from all regions of Pennsylvania from 1974 to 1983. The samples were collected from 268 private individual water systems, including about 200 wells, where water-quality problems were perceived to exist. Analyses were conducted for several water-quality constituents including total coliform bacteria. Approximately 40 percent of the private water-supply systems, both wells and springs, had bacterial contamination. Spring water-supply sources were more frequently contaminated with bacteria than well water sources.
A study in northwestern Ohio (Breen and Dumouchelle, 1991) 
METHODS OF STUDY
Water samples were collected for bacteriological testing during three summer seasons: July 8, 1993, through August 11, 1993, in the Piedmont carbonate and the Appalachian Mountain sandstone and shale subunits; June 28, 1994 , through August 16, 1994 , in the Piedmont crystalline and the Appalachian carbonate subunits; June 26, 1995, through August 9, 1995, in the Great Valley carbonate subunit. Water from each of the 146 wells from these five subunits was sampled once for this study. The wells were chosen on the basis of both subunit criteria and construction criteria. Owner permission to use the well was an additional criterion.
Subunit criteria included the physiographic province, bedrock type, and land use. Subunit boundaries were established with a geographical information system (CIS). A computerized random-selection program was then used to select potential sampling locations within each subunit (Scott, 1990) . Field visits were conducted to confirm landuse criteria, and the bedrock type was confirmed by geologic maps and drilling records.
Sites were chosen such that there were no feedlots within a half mile radius.
Once a potential sampling location was selected, homeowners were queried and drilling records were checked to determine if their well met the well-construction criteria. The well-construction criteria were established to obtain samples representative of shallow ground water. These criteria dictated that the wells were open boreholes, drilled and completed in the bedrock, less than 200 ft deep, and less than 25 years old. Most wells sampled met all of the sampling criteria; in few cases where these criteria could not be met, deeper or older wells were sampled (table 2). All wells sampled had similar household plumbing designs. A detailed plumbing inspection ensured that the sample was raw water. Most samples were collected from an outside faucet on the house. Because it was not possible to fill the bottles directly under the spigot in many cases, a Teflon sampling hose was used to fill the sample bottles. If a raw water spigot was not available outside the house, the Teflon sampling hose was connected directly to a spigot at the pressure tank. The sampling hose was cleaned with a Liquinox soap solution and rinsed with 5 gal of deionized water between sites. Hoses were not autoclaved or disinfected; the amount of water that passed through the hose prior to sampling was 100 to 300 gal.
A minimum of one well volume of water was purged prior to sampling. The well volume was estimated from the static water level, the casing diameter, and the total depth of the well. Latex gloves were worn during sample collection. Water samples for bacteriological analyses were collected in 1-L, amber-colored, glass bottles that had been sterilized at 121°C and 15 psi for 15 minutes in an autoclave. The samples of untreated ground water were collected in a plastic enclosure designed to reduce the risk of airborne contaminants entering the sample bottles. Water samples were kept on ice until they were processed for analysis.
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Microbiology
Water samples were analyzed for concentrations of indicator bacteria of two taxonomic groups. Total coliform, fecal coliform, and E. coli are members of the coliform group. E. coli are a subset of fecal coliforms and fecal conforms are a subset of total coliforms. Total coliforms are those organisms that produce a golden-green metallic sheen within 24 hours on m-Endo media when incubated at 35°C. Fecal coliforms are organisms that produce blue colonies within 24 hours on m-FC media when incubated at 44.5°C. E. coli are organisms that produce a bright blue fluorescent perimeter around a darker colony center within 4 hours when incubated at 35°C on NA-MUG media after primary culturing as total coliform bacteria on m-Endo media. The fecal streptococcus group also was studied and is defined as all organisms that produce red or pink colonies within 48 hours on KF media when incubated at 35°C. A summary of processing methods is given in table 3.
All water samples were processed by use of membrane filtration techniques within 6 hours of collection (Britton and Greeson, 1989) ; most samples were processed within 1 hour. From the 1-L sample of ground water, 100-mL aliquots were measured in sterilized, glass graduated cylinders. The aliquots were filtered with a hand-operated vacuum pump through 0.45 or 0.65 u,m pore-size membrane filters mounted in sterilized plastic funnels. The membrane filters were placed on the media in petri dishes. The petri dishes were immediately placed into incubators in an inverted position. Britton and Greeson (1989, p. 47-50) Quality Assurance Quality-assurance measures were practiced throughout the study. All samples tested for bacteria were processed and analyzed by USGS personnel from the Pennsylvania District Office in Lemoyne, Pa. The effectiveness of sterilization procedures was checked by processing a sterile-water blank at each sampling site. Water used for the blanks was a sterile phosphate buffer solution with peptone. Instructions on how to prepare buffered dilution water are found in Britton and Greeson (1989, p. 18) . Blanks were 30 ml of sterile buffered. water that were processed with the sterilized equipment before the sample water was processed. If colonies formed on the blank plates, the corresponding site sample results were disregarded. This occurred one time for fecal streptococcus out of 438 blank plates for total coliform, fecal coliform, and fecal streptococcus. Duplicate samples were filtered and analyzed for each bacteria type at each site. The average bacteria colony count of the two plates was recorded. If either of the plates was unreadable, the colony count from the remaining plate was recorded.
Because the sampling hose was not sterilized, and no blanks were collected through the sampling hose, the data were analyzed to determine if cross-contamination from site to site could have occurred. All detections were compared to the detections at the previous site. At 67 percent of the sites, cross contamination was not possible because either the previous site or the following site had no detections of bacteria. At an additional 11 percent of the sites, cross contamination was highly unlikely because a high bacteria count was preceded by a low bacteria count. At the remaining sites it is numerically possible that cross contamination occurred, because a low bacteria count was preceded by an equal or higher bacteria count. It is considered to be very unlikely that this occurred because of the cleaning of the hose and the large volume of water (100 to 300 gal) that passed through the hose before the sample was collected. Also, at 16 percent of the sites, a detection of bacteria was followed by a nondetection of bacteria, which indicates the effectiveness of the cleaning process in those cases.
All sample media and sterile buffered water were obtained from the Quality of Water Service Unit (QWSU) in Ocala, Fla. The bacteria kits that QWSU supply must pass quality-assurance tests performed by the USGS National Water Quality Laboratory (Horowitz and others, 1994) . All media were fresh and used prior to the expiration date.
Statistics
Statistical tests were selected to determine 1) relations between concentrations of bacteria and categorical variables such as land use or lithology and 2) relations between concentrations of bacteria and continuous variables such as well depth or nitrate concentrations. Histograms and Wilk-Shapiro tests were used to determine the normality of the distribution of the bacterial concentrations. The data are not normally distributed. Therefore, nonparametric statistical methods were used to analyze the data. The degree of censoring was quantified by determining the percentage of nondetects for each bacteria type. Some data also are censored at an upper detection limit (>80 colonies/100 ml) because dilutions were not conducted.
The Kruskal-Wallis test was used to make comparisons in the ranks of concentrations of bacteria between categorical variables. This tests for differences in the mean ranks of two or more groups. If the Kruskal-Wallis tests on the entire population showed significant differences among categories, a Multi-Stage Kruskal-Wallis (MSKW) test was performed on the ranked data to show how the categories differed with an overall alpha value of 0.05. A probability was calculated for each statistical test conducted. If the probability is less than the alpha value (0.05) for the Kruskal-Wallis test, there is a 95 percent probability that categories are significantly different, or less than 5 chances out of 100 that the categories being tested are from the same population. This test was used on data sets in which less than 50 percent of the data were below the detection limit, which included the total coliform and fecal streptococcus data sets.
If more than 50 percent of the data are censored, the nonparametric tests based on ranks have less power to detect differences in central tendencies (Helsel and Hirsch, 1992, p. 367) . In these cases, the response variable, bacteria, was converted to a categorical variable (detect/nondetect). The Kruskal-Wallis test was then used to test for a shift in the distribution of detects and nondetects instead of testing for differences in the medians of continuous data. (Helsel and Hirsch, 1992, p. 382) . If significant differences existed for the categories, MSKW tests were performed on the subcategories to determine which subcategories differed, again with the overall alpha value being set equal to 0.05. This test was used for the fecal coliform and £. coli data sets. Categories that were not significantly different were assigned a common letter code (tables 4-7) Categories could be assigned more than one letter.
Spearman's rank correlation was used to test for correlations between concentrations of bacteria and other continuous variables. This test is a nonparametric measure of the monotonic relation between two continuous variables. In this test, bacterial concentrations are ranked and compared with other ranked numerical variables. Monotonic relations may be nonlinear but show an association between the two variables tested. An alpha of 0.05 was used in the analyses. If the probability from Spearman's correlation test is less than alpha, there is a 95 percent chance that an association exists mathematically between the variables. Spearman's rho is used to determine the strength of this association. A small Spearman's rho means that the correlation is poor and that the correlation may not be practically significant of any use in predicting one variable from the other (Dennis Helsel, U.S. Geological Survey, written commun., 1995). f. coli testing was not conducted during 1993, the first year of the Lower Susquehanna River Basin study. Therefore, only 88 of the 146 water samples were tested for f. coli. About 30 percent of the samples from those 88 wells were positive for f. coli bacteria ( fig. 2) , and more than 10 percent of the samples that were positive were too numerous to count (fig. 3) . The percentage of f. coli detections is higher than the percentage of fecal coliform detections ( fig. 2 ). This is due to the fact that f. coli testing was only conducted on 88 of the 146 water samples.
Approximately one-third of the samples that contained total coliform bacteria also contained fecal coliform bacteria, a percentage that agrees with the data of Breen and Dumouchelle (1991) . Fecal streptococcus bacteria were present in more than threequarters of the samples that tested positive for total coliform bacteria and in all of the samples in which fecal coliform bacteria was present.
The distribution of wells sampled in the Lower Susquehanna River Basin and the presence of total coliform and fecal coliform are shown in figures 4 and 5, respectively. Total coliform detections are distributed relatively evenly over all of the areas studied. The distribution of detections of fecal coliform, however, shows a more clustered pattern with almost one-half of the detections of fecal coliform being in the Great Valley carbonate subunit. The Great Valley carbonate and Appalachian Mountain carbonate subunits had the highest percentages of the presence of bacteria ( fig. 6 ). Fecal coliform and £ coli distributions shown in figure 6 are similar, as would be expected because f. coli is a subset of fecal coliform. The similarity between the distributions of total coliform and fecal streptococcus shown in figure 6 suggests that both of these bacteria types may originate from the same sources. The data were analyzed to determine variations in the concentrations of bacteria among environmental subunits, to determine relations between bacterial concentrations and well characteristics, and to determine relations between concentrations of bacteria and other water-quality constituents. Statistical tests were conducted to determine if relations existed between bacterial concentrations and land use, physiography, and bedrock lithology comprising the aquifer. Testing the variation in bacterial concentrations among land-use categories was conducted because manure is applied to cropland and pastures in agricultural areas providing an additional source of bacteria that is not present in nonagricultural areas. Comparisons of bacterial concentrations to bedrock lithology help determine if certain types of aquifers are more susceptible to bacteria contamination than others. Statistical tests also were conducted to determine if the combination of land use, lithology, and physiography was a significant factor affecting bacterial concentrations.
For land-use relations, bacterial concentrations in agricultural and nonagricultural areas were compared. Boxplots show that total coliform and fecal streptococcus have a broader range of concentrations and higher median values in agricultural areas than in nonagricultural areas ( fig. 7) . Statistical tests showed significant differences among land-use categories for total coliform, fecal coliform, and fecal streptococcus (table 4). Although the differences between land-use categories are not statistically significant for £ coli at the selected 95-percent confidence level, the probability is very close to the level that would indicate significant differences existed between land-use categories. The data and statistics shown in figure 7 and table 4 indicate that higher bacterial concentrations are related to agricultural land use. Boxplots for fecal coliform and £ coli are not presented because of the small percentage of sites where those bacteria types were detected.
Physiographic province also is related to bacterial concentrations. Boxplots show that all four bacteria types have higher median concentrations and broader ranges of concentrations in the Ridge and Valley Physiographic Province than in the Piedmont Physiographic Province (fig. 8) . The statistical test results also indicate significant differences between the physiographic provinces for all of the bacteria types (table 5). Equal numbers of agricultural and nonagricultural wells were sampled in both provinces. Moreover, a similar number of wells completed in carbonate and noncarbonate bedrock were sampled in both provinces. This variation in bacteriological quality of water by physiographic province could not be explained and could be related to regional variation in well characteristics, socioeconomic conditions, siting of septic systems, or agricultural practices (Francis and others, 1984) .
Bedrock lithology comprising the aquifer also was evaluated as a factor related to bacterial concentrations. Boxplots show that total coliform and fecal streptococcus have a broader range of concentrations and higher median values in areas underlain by carbonate bedrock than in areas underlain by other bedrock types ( fig. 9) . Previous studies have shown that ground water is more susceptible to contamination by nitrate and herbicides in areas underlain by carbonate bedrock than in areas underlain by noncarbonate bedrock (Fishel and Lietman, 1986) . Water from carbonate bedrock has the highest mean rank of bacterial concentrations for all of the bacteria types; however, statistical tests show that the differences among the mean ranks for bedrock lithology categories are not statistically significant for total coliform, fecal coliform, or fecal streptococcus at the 95-percent confidence level (table 6). The probabilities for fecal coliform (0.065) and total coliform (0.070) are both close to the 0.05 level that would indicate significant differences among lithology categories for these bacteria types. Apparent differences shown for £ coli among categories could be because of the fact that £ co// samples were only analyzed in two of the lithology categories. The data and statistics shown in table 7 and figure 10 indicate that some differences exist among lithology categories; higher concentrations of bacteria are detected in areas underlain by carbonate bedrock. This relation is not statistically significant for all bacteria types.
The land-use setting within the environmental subunit was evaluated to determine the combined effects of land use, physiography, and lithology on bacterial concentrations. Combining land use, physiography, and lithology specifically identifies areas where bacterial concentrations are highest Boxplots show that the broadest range of concentrations and the highest medians for total coliform and fecal streptococcus are in the Appalachian Mountain and Great Valley carbonate agricultural settings ( fig. 10) Note: Plates with no colonies are reported as less than one colony per 100 mL; therefore, the lower detection limit is one colony per 100 mL. Plates with more than 80 total coliform colonies or 100 fecal streptococcus colonies were considered too numerous to count and reported as greater than 80 or greater than 100 colonies per 100 mL, respectively. This is the upper detection limit for total coliform and fecal streptococcus. Note: Plates with no colonies are reported as less than one colony per 100 mL; therefore, the lower detection limit is one colony per 100 mL. Plates with more than 80 total coliform colonies or 100 fecal streptococcus colonies were considered too numerous to count and reported as greater than 80 or greater than 100 colonies per 100 mL, respectively. This is the upper detection limit for total coliform and fecal streptococcus. Note: Plates with no colonies are reported as less than one colony per 100 mL; therefore, the lower detection limit is one colony per 100 mL Plates with more than 80 total coliform colonies or 100 fecal streptococcus colonies were considered too numerous to count and reported as greater than 80 or greater than 100 colonies per 100 mL, respectively. This is the upper detection limit for total coliform and fecal streptococcus. Note: Plates with no colonies are reported as less than one colony per 100 mL; therefore, the lower detection limit is one colony per 100 mL. Plates with more than 80 total coliform colonies or 100 fecal streptococcus colonies were considered too numerous to count and reported as greater than 80 or greater than 100 colonies per 100 mL, respectively. This is the upper detection limit for total coliform and fecal streptococcus. In tests of bacterial concentrations and selected well characteristics, total coliform, fecal coliform, and fecal streptococcus were all statistically related to well age as indicated by probabilities less than 0.05 (table 8) . However, these relations were weak. Total coliform, for example, is statistically related to well age as indicated by a probability of 0.001. The correlation coefficient, however, is small (0.298), which means that the relation is poor and probably insignificant in predicting the concentration of total coliform from the well age. There were no statistically significant relations between bacterial concentrations and the following: well depth, depth to bedrock, casing length, specific capacity, and depth to the first water bearing zone.
Statistically significant relations exist between bacterial concentrations and certain waterquality constituents as indicated by probabilities less than 0.05 (table 9) . £. co//, for example, is associated with the concentration of total dissolved solids as indicated by a probability of 0.005. The correlation coefficient is small (0.298), and the relation is probably insignificant in predicting the concentration of E. co// from the concentration of total dissolved solids. Concentrations of dissolved organic carbon were related with concentrations of total coliform, fecal coliform, E. coll, and fecal streptococcus. Similarly, relations were identified between concentrations of total dissolved solids and concentrations of total coliform and fecal coliform, between concentrations of ammonia plus organic nitrogen and concentrations of fecal coliform, and between concentrations of chloride and concentrations of total coliform. Although these relations are statistically significant based on the probability, the corresponding correlation coefficients (Spearman's rho) are all quite small. The small coefficients mean that the correlations are probably insignificant in predicting the concentration of bacteria from the concentration of the other water-quality constituents. The statistical analysis of the data shows that land use, physiographic province, and probably bedrock type are factors influencing the concentration of bacteria in ground water. Other factors that were not quantified in this study also may affect bacterial concentrations in well water. High concentrations of bacteria in well water may result when there is a bacteria source and a pathway for the bacteria to enter the aquifer or the well. Larger numbers of bacteria in the environment increase the chance that some bacteria will enter a well. Application of sludge from sewage treatment plants is not common and sites were chosen such that there were no feedlots within a half mile radius. Therefore, the most likely cause of increased quantities of bacteria in the environment near the wells sampled would be failed septic systems or manure applied to fields. Some well-construction characteristics could allow a direct path for bacteria to enter a well. Hydrogeologic structures that do not filter out all bacteria can also provide a path for bacteria to enter the aquifer. These factors could influence whether or not bacteria are detected in water from a well.
Pathways for Bacteria to Enter into the Well
Wells can be constructed to reduce or eliminate the number of pathways for contaminants to enter the water supply, however, deterioration of old wells and improper siting and installation of new wells could allow pathways for bacteria to enter a well directly ( fig. 11 ). Bacteria could enter a well if (1) the top of the casing is not sealed and vented properly, (2) the annulus around the outside of the casing is not grouted, (3) there is leakage around the pitless adaptor, or (4) the casing is cracked or otherwise deteriorating. As previously noted, some differences in well-construction regulations exist, however, only six wells in Maryland and four wells in Chester County, Pa., were sampled. Therefore, information on the effect of regulations was inadequate to conduct statistical analysis for this study. Casing caps, regulations and standards for well construction, and well deterioration and other age factors are discussed here as important considerations . to minimize the number of pathways into the well.
Most wells sampled had a loose-fitting well cap on the top of the casing instead of a sanitary seal. Many of these wells had spiders, ants, earwigs, or other insects inside the well at the top of the casing. These insects can fall down the inside of the casing and introduce bacteria into the well (Wisconsin Department of Natural Resources, 1993). Some casings were cut off flush with the ground. This situation, combined with a loose well cap, could increase the chance that dirt or surface water could enter the well. Sanitary seals have an expanding rubber gasket that can prevent such things as dirt, spiders, insects, and surface water from entering the well through the top of the casing. Because only 3 of the 146 wells sampled had sanitary seals, analyzing the significance of this factor statistically was not possible. Nevertheless, the field observations made for this study show that casing caps were generally not sealed and represent a potential pathway for contaminants to enter the well.
Ungrouted wells are vulnerable to contamination. Regulations for well construction are written to include detailed requirements and standards for grouting (Chester County Health Department, 1993) . Well-completion records for 108 wells indicated that grout was installed in 29 wells 23 in Pennsylvania and 6 in Maryland. The annulus of loose dirt or fill around the casing of an ungrouted well may be a pathway for bacteria-laden water to move down along the casing.
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NATIONAL WATER-QUALITY ASSESSMENT PROGRAM Physical defects such as leakage around the pitless adaptor may have existed in some of the wells sampled. Wells in Maryland and Chester County, Pa., that do not pass the initial potability test must be retested, checked to ensure that there are no physical defects in the construction of the well, and evaluated for treatment options. Leakage around the pitless adaptor is another possible pathway for bacteria to enter a well.
The competence of a well casing is commonly related to the age of a well. The median age of the wells sampled was from 7 to 10 years old and only 3 of the 146 wells sampled were more than 20 years old. Because so few "old" wells were sampled, problems commonly associated with older wells such as well pits with standing water, inadequate casing length, and cracked or corroded casings were minimized. Lack of grouting could increase the deterioration rate of the well casing. Any crack or hole in the casing that is in the saturated zone provides a pathway for bacteria to enter into the well.
1. Lack of a seal at the top of casing. Well-construction practices such as installing grout and a sanitary seal reduce the chance that bacteria will enter the well from surface sources of contamination, but that does not guarantee that bacteria will not be present in the well. If there is a pathway for the bacteria to enter the bedrock aquifer, well-construction practices cannot prevent bacteria from entering the well. Bacteria sources and pathways into the aquifer are illustrated in figure 12.
Bacteria from a septic system could enter the aquifer directly if the septic system is not functioning properly. This is a factor that could not be quantified in this study but may have had an influence on the presence of bacteria. Any septic system can introduce bacteria into the aquifer if the depth to the fractured bedrock is very shallow. Depth to bedrock generally ranged from 10-90 ft in the areas studied with a median bedrock depth of 30 ft (Risser and Siwiec, in press). Commonly, however, bedrock outcrops are evident in fields near the sampling locations.
Bacteria from agricultural application of manure could enter the aquifer through paths such as sinkholes and areas with shallow bedrock (fig. 12 ). The timing of manure application with respect to a rainfall event may also increase the likelihood that bacteria would infiltrate the aquifer directly. In the above scenarios, the bacteria would be in the ground water, and any well that produced water from that aquifer would contain that bacteria, despite the well-construction characteristics.
Bacteria source Sinkhole Well Bacteria source Figure 12 . Pathways for bacterial contamination to enter into a bedrock aquifer.
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SUMMARY
The bacteriological quality of raw ground water used for household water supply was assessed for this study. Water samples were collected from selected areas in the Lower Susquehanna River Basin study unit in 1993-95 from 146 wells in 17 counties in Pennsylvania and 2 counties in Maryland. Each well within the five subunits was sampled once. Subunit criteria include the land use, physiography, and bedrock lithology.
Bacteria were not found in water samples from 31 of the 146 wells sampled. Of the water samples collected, 101 tested positive for total coliform bacteria, and 34 tested positive for fecal coliform bacteria. Of the 145 samples that were collected for fecal streptococcus, 91 tested positive, f. coll testing was not conducted during 1993, the first year of the Lower Susquehanna River Basin study. Therefore, water from 88 of the 146 wells was tested for £ coli. Of those 88 water samples, 26 tested positive for f. coll bacteria. Nearly one-third of the samples that contained total coliform bacteria also contained fecal coliform bacteria. Fecal streptococcus bacteria was present in more than three-quarters of the samples that tested positive for total coliform bacteria and in all of the samples in which fecal coliform bacteria was present. The Great Valley and Appalachian Mountain carbonate subunits had the highest percentages of bacterial presence.
Statistical analyses were conducted to determine the relation between concentrations of bacteria and characteristics of environmental subunits. Statistical test results showed that land use and physiographic province are the variables that have the greatest affect on bacterial concentrations. The statistical analyses show that concentrations of total coliform, fecal coliform, and fecal streptococcus are significantly higher in agricultural areas than they are in nonagricultural areas. E. coli concentrations are not significantly different among land-use categories. All four bacteria types have concentrations that are higher in the Ridge and Valley Physiographic Province than the concentrations are in the Piedmont Physiographic Province. £ coli concentrations are significantly higher in areas underlain by carbonate bedrock. Other differences among bedrock types are not statistically significant at the 95-percent confidence level, yet are at the 93-percent confidence interval, which indicates a probable relation between bacterial concentrations and bedrock type.
Statistical tests also were conducted to determine if bacterial concentrations were related to selected well characteristics and concentrations of selected water-quality constituents. Some correlations exist between bacterial concentrations and well characteristics. Correlations also exist between bacterial concentrations and selected water-quality constituents. The results of the tests indicate the correlations are probably insignificant in predicting the concentration of bacteria from well characteristics or the concentration of the other water-quality constituents.
It is uncertain whether the aquifers sampled have widespread contamination or the bacteriological contamination is the result of site-specific factors. Other factors may exist, besides land use and physiography that could affect bacterial concentrations. These factors include hydrogeologic structures and whether or not 1) the septic system is functioning, 2) manure has been applied to nearby fields, or 3) the well has been protected from surface contamination by grout and a sanitary seal. The large number of wells that did not have sanitary seals and were not grouted made it difficult to determine if bacterial contamination was a result of aquifer contamination or well construction.
Further study with an assessment designed to compare different well characteristics would provide the data needed to determine whether the aquifers sampled have widespread contamination or the bacteriological contamination is the result of sitespecific factors.
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